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Abstract—Recent studies have analyzed the carbon footprint
of residential heating and proposed transitioning to electric heat
pumps as an important step towards decarbonization. Electric
heat pumps are more energy-efficient than gas furnaces and use
electric grid power, which is generally less carbon-intensive than
directly burning fossil fuels. The transition to electric heat pumps
only solves half of the problem. Electric grids, in most parts of the
world, are primarily powered by carbon-intensive fossil fuels and
may never be completely carbon-free. Furthermore, the added
electricity demand of heat pumps may trigger expensive upgrades
in the electric grid. A deep decarbonization of residential heating
can be achieved by using co-located solar photovoltaic (PV)
systems with battery storage alongside heat pump retrofits.
However, there is no free lunch and a deeper decarbonization
comes at a significant cost. In this paper, we use data from
4,413 real-world homes to analyze the additional electricity
demand due to heat pumps. We investigate the problem of sizing
solar panels and storage to completely offset the added demand
and investigate the tradeoff between cost and carbon emission
reduction benefits. Our analysis suggests that co-located solar PV
systems are an effective and carbon-free alternative to the power
grid, and can reduce carbon emissions by at least 58%.

Index Terms—decarbonization, residential heating, solar PV
and storage, air-source electric heat pumps.

I. INTRODUCTION

Residential heating constitutes a significant portion of the
annual energy bill for households in many parts of the world
that experience colder climates [1], [2]. Fossil fuels, namely
natural gas, propane, and oil, account for 64% of the global
energy used for residential heating, resulting in the generation
of 2,500 Mt of carbon emissions per year in the United
States alone [3]. The impact of climate change is leading
to extremely low temperatures during winter [4], which is
expected to significantly increase the annual heating energy
demand and costs in various parts of the world. For example,
the heating costs for Massachusetts residents are expected to
increase by 28% on annual basis [5]. Given these factors,
the decarbonization of residential heating by adopting cleaner
technologies like air-source heat pumps plays a vital role in
the energy transition toward a low-carbon future.

Air-source heat pumps (ASHPs) utilize efficient heat ex-
change technologies to deliver more effective residential heat-
ing compared to traditional fossil fuel-based furnaces. Electri-
fying residential heating through electric heat pumps offers
substantial reductions in carbon emissions, and additional
progress can be made as the electric grid transitions to cleaner
energy sources [6]. However, previous studies primarily fo-
cused on the decarbonization benefits when comparing heat

pumps to natural gas and other fossil fuels for residential heat-
ing. While transitioning to electric heat pump-based heating
immediately reduces carbon emissions, it does not eliminate
them entirely, and thus fails to fully address the issue. Notably,
the carbon emissions of an electric heat pump depend on the
carbon intensity of the grid’s energy supply. As the grid still
relies on fossil fuel-based generation sources for a portion of
its demand, electrifying residential heating will not entirely
eliminate carbon emissions.

The efficiency of electric heat pumps is measured using Co-
efficient of Performance (COP) or using the Heating Seasonal
Performance Factor (HSPF), both of which are influenced
by the ambient temperature. As the ambient temperature
decreases, the energy efficiency of even the state-of-the-art
electric heat pumps decreases significantly. However, previous
studies estimating the electricity demand from transitioning
gas-based heating have made a simplistic assumption of a
constant COP value throughout the year [6], [7]. This approach
underestimates the overall electricity demand for residential
heating and the peak electric demand on the grid that typi-
cally occurs during extremely cold weather when the ambient
temperature is exceptionally low. Consequently, prior research
may only provide a conservative underestimate of the impact
of the residential electric heating demand on the electric grid.

In order to gain a more accurate view of the residential
electric heating demand, we generate three models of COP, and
analyze the impact of these models. The three models that we
consider are (i) a maximum theoretical efficiency model, (ii) a
static model used by the prior work [6], [7], and (iii) a dynamic
model that considers the effect of ambient temperature.

Using electric heat pumps is not enough to fully decarbonize
a residential area, as electric heat pumps used in homes will
draw from the grid, which may be fueled by nonrenewable
sources. To maximize the decarbonization benefits of electri-
fying residential heating, we examine the viability of utilizing
on-site renewable energy sources, such as rooftop solar photo-
voltaic (PV) panels, in conjunction with local energy storage,
to supply clean energy to installed electric heat pumps.

However, given the substantial energy consumption of even
efficient electric heat pumps, the cost of implementing on-
site renewable energy must be carefully weighed against its
potential carbon reduction benefits. Moreover, as renewable
energy sources are intermittent and solar energy is unavailable
at night, the inclusion of energy storage becomes necessary,
albeit at an increased cost. Given this, our research focuses on
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Fig. 1. (a) Probability distribution of grid’s existing annual electricity
demand (left) and (b) existing peak electricity demand (right).

a comprehensive sizing analysis of on-site solar systems and
energy storage, aiming to pursue a robust decarbonization ap-
proach that integrates electric heat pumps with local renewable
energy sources and storage.

In doing our analysis, we make the following contributions:
Electricity demand analysis: We examine the impact of
transitioning to electric heat pumps by analyzing real-world
data from 4,413 homes from a northeastern city in the United
States. Our comprehensive analysis includes evaluating the
annual additional electricity demand, peak additional elec-
tricity demand, and aggregate peak electricity demand with
and without the additional heat pump demand. To accurately
convert gas-based heating demand to electricity demand, we
utilize realistic models for the COP of electric heat pumps that
consider the ambient temperature.

Deep decarbonization analysis: We further analyze deep
decarbonization through the integration of solar PV systems
with battery storage. We explore various approaches for sizing
solar PV plus battery storage systems and assess their cost
and effectiveness in reducing the additional electric heating
demand on the electric grid and ultimately carbon emissions.
Cost and emissions analysis: We compare the cost of deep
decarbonization using solar plus storage to achieve different
levels of carbon emission reductions. Our findings indicate
a 58% reduction in emissions at a low cost of $1360, but
an additional 3.58x investment is required to mitigate the
remaining 42% of carbon emissions from residential heating.

II. BACKGROUND

In this section, we present background on decarbonizing
heating, electric heat pumps, and solar photovoltaic.
Decarbonizing heating. Home heating accounted for 32% of
the household energy usage and 34.5% of the residential sector
carbon emissions in 2021 [5]. Fossil fuels, such as natural gas,
distillate fuel oil, and propane fulfilled 63.6% of this energy
usage and contributed to most of the carbon emissions from
heating [5]. Prior work has proposed transitioning gas-based
heating to electric heat pumps as an important step towards
decarbonizing the residential sector [8]-[13]. The benefits
of this transition are twofold: first, electric heat pumps are
more energy efficient than gas furnaces and thus will reduce
the overall energy consumption of heating; second, carbon-
intensity! of the electric grid is significantly less than burning
fossil fuels in household furnaces. While transitioning to heat

Ithe amount of carbon dioxide released per unit of energy consumed.

pumps significantly reduces the carbon footprint of heating,
it does not completely eliminate carbon emissions. The US
electric grid has a carbon intensity of 393 gCOseq/kWh, which
is expected to drop to 232 gCOqeq/kWh by 2050 [5]. This
means that transitioning to electric heat pumps powered by
the electric grid solves only part of the problem and is not
sufficient to fully decarbonize heating.

Electric heat pumps. Electric heat pumps are an alternative to
fossil fuel-based heating during the winter and home cooling
during the summer. Electric heat pumps are highly energy-
efficient as they warm or cool a home by transferring heat
from or to the outside air, as opposed to the fuel combustion
used by furnaces. Homes can achieve up to 60% reduction in
their heating costs by transitioning to energy-efficient electric
heat pumps. In the past, a key bottleneck to wide-scale
adoption has been the degraded heating capacity of the old
heat pumps at low temperatures, which necessitated a backup
heat source. The most common types of electric heat pumps
are ducted air-source heat pumps [14]. These new and energy-
efficient electric heat pumps work well even in extremely cold
environments, which has led to higher adoption. However,
the energy efficiency of heat pumps depends on the ambient
temperature; it decreases as the temperature decreases. We use
a model that determines the coefficient of performance of the
electric heat pumps based on the ambient temperature [15].
Solar photovoltaic. Solar photovoltaic (PV) accounts for
82% of the renewable energy consumption in the residential
sector and 12.7% of electric power generation from renewable
resources in the United States [5]. The large-scale adoption of
solar PV is fueled by its declining cost, zero operational carbon
footprint, and modular nature that allows installations of a
few watts to many megawatts. In addition, federal and state
governments offer generous subsidies to solar PV adopters
that can amount to more than 50% of the total system cost
depending on the installation size [16]. In addition, the cost
of battery storage dropped by 72% from 2015 to 2019 and the
trend is expected to continue [17]. As a result, solar PV is an
ideal candidate for deep decarbonization of household heating
for the single family homes that we consider in our analysis.

III. IMPACT ON ELECTRIC GRID

In this section, we present our data analysis setup and an
analysis of the impact of electric heat pumps on the electric
grid. The goal for the analysis is to answer the following
question: How much additional demand, annual and peak, is
added to the grid as a result of heat pump retrofits?

A. Data Analysis Setup

Our subsequent analysis utilizes gas and electricity demand
data collected at an hourly granularity from a city in the
northeast region of the United States. Since our gas demand
data includes all gas end uses, such as gas stoves, heating, and
water heating, we need to isolate the heating component of the
demand. To achieve this, we subtract the average summer gas
demand from the overall gas usage throughout the year. This
assumption is based on an insight that there is no heating
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electricity demand after transitioning gas-based heating to electric heat pumps.

demand during the summer. Any gas consumption during
the summer is solely for non-heating purposes and remains
constant throughout the year.

To estimate the net gas demand for heating, we assume an
87.5% efficiency for the gas furnace to compute the energy
demand for gas-based heating. The electricity demand of
heating depends on the Coefficient of Performance (COP)
for the electric heat pumps, which depends on the ambient
temperature and the set point temperature inside the building.
To demonstrate the effect of COP on electricity demand,
we employ three different models that represent: (i) theo-
retical maximum efficiency (COP,,4,), (ii) constant COP
used in prior work [6], [7] (C'OPsiaic), and (iii) a realistic
temperature-dependent COP model (CO Pieryp).

The COP,, 4, model is mathematically characterized as,

COPma:E - cold/(Thot - Tcold)- (1)

Here, T,.5q is the temperature of the cold side and T}y
is the temperature of the hot side. We set the set point
temperature of the building to 70°F. Here, T}, is computed
as max(T‘indooraToutdoor)- where, Tindoor and Toutdoo’r are
indoor and ambient temperature for the building respectively.
Given this, Tioq is computed as min(Tindoor, Toutdoor)-

Our second model is CO Psq4¢i¢, which has been commonly
used by the prior work [6], [7] to estimate electricity demand
from the heating. This model assumes that the efficiency of the
heat pumps does not depend on the temperature and remains
constant throughout the year. Our static model based on the
formula [18] written as,

COPsatic = 0.293 x HSPF. 2)

Here, HSPF is the Heating Seasonal Performance Factor that
specifies the amount of heat generated in British Thermal Units
(BTUs) per kilowatt-hour (kWh) of energy. HSPF also varies
among different climates. Given this, we based our model on
the Mitsubishi Mini-Split Heat Pumps [15] datasheet which
has an HSPF of 10.6 in the location it was tested in. This
HSPF value corresponds to 10,100 BTUs per kWh. We get a
static COP of 3.1 based on the model in Eq. 2.

Finally, to more accurately estimate COP, we employ a
model that considers the impact of ambient temperature on
COP of electric heat pumps, which we refer to as COPyepmp.
We generated this model from experimental data on Mitsubishi

Mini-Split Heat Pumps [15].The model was generated by
creating a least-squares regression line based on 7 COP values
of single heat pump at various temperatures This temperature-
aware COP is computed as,

COPremp = 0.015 X Tyhytdoor + 1.91. 3)

Here, T,utdoor 1S measured in Fahrenheit (°F). This model
assumes the set point temperature of the building to be 70°F.

To calculate the total carbon footprint of electric heating, we
use a carbon emission factor of 0.000386 MT COy/kWh for
electricity [19], which represents the average carbon intensity
value for the electric grid in the United States in 2022.
Additionally, as part of this analysis, we remove outlier data by
eliminating the upper and lower 5% of calculated data points.

B. Electric Heating Demand Analysis

In this section, we examine the impact of transitioning
to electric heat pumps on the demand of the electric grid.
Previous studies have primarily analyzed the additional annual
electricity demand resulting from this transition [6], which is
useful for long-term capacity planning of the electric grid.
However, in the short term, the increase in peak electricity
demand becomes more significant as it may necessitate up-
grades to transformers, power cables, and other components
of the grid. Therefore, our analysis extends beyond the annual
demand and incorporates the examination of peak demand
generated by heat pumps. Additionally, we investigate how
the electric heating demand affects the net-peak demand of
the grid under the three aforementioned models of COP for
electric heat pumps. This comprehensive approach allows us to
understand both the long-term and short-term implications of
electric heat pump adoption on the electric grid. In conducting
this analysis, we answer the following questions.

(1) What is the existing electric demand on the grid? We
first look at the existing electric grid demand as it provides
context for the additional electricity demand from electric heat
pumps. We look at the annual electricity demand and the
peak electricity demand for all the homes in our analysis.
Figure la shows the existing annual demand on the electric
grid with an average of 7.79 MWh across all the homes.
The maximum annual demand across all the homes is 13.94
MWh. We observe that the average annual electricity demand
for homes in our dataset is less than the national average
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Fig. 3. Solar PV sizing for small, medium and large homes when sizing based on annual solar energy generation (red slashed bars) and winter solar
energy generation (crossed slashed bars) under all the different coefficient of performance (COP) models.

of 10.632 MWh [20]; an expected outcome for a city with
majority of the population belonging to low-income groups.
Similarly, Figure 1b shows the existing peak demand on the
electric grid with an average peak of 7.2 kW across all the
homes. The maximum peak demand across all the homes is
10.5 kW. This analysis will allow us to understand how much
the existing demand on the electric grid is and how much
the additional demand from electric heat pumps demand will
burden the electric grid.

(2) How much additional annual electric demand is added
by the electric heat pumps? To quantify the annual electric
demand from heat pumps, we sum the entire heating demand
for each home and convert it to electricity using the conversion
factors mentioned above. Figure 2a shows the probability
distribution of additional electric demand from the heat pump
transition for all COP models. With the COP,,,,, model, just
27% of buildings observe more than 600 kWh increases in
electricity demand. However, this demand increases drastically
with the COPsqtic and COPjep,p, models, which show that
56% and 72% of buildings respectively experience more than
600kWh increases in electricity demand. As discussed above,
the estimated increase in annual demand is helpful for the
long-term capacity planning of the grid.

(3) How much additional peak electric demand is added
by the electric heat pumps? The near-term impact of the
transition to electric heat pumps is due to the additional
peak demand added to the electric grid. Figure 2b shows
the cumulative probability of added peak demands across
all the homes for all COP models. Our analysis shows that
the added peak demand for the median buildings in the
COPr 4z, COPytaric and COPyepyp, models are ~0.54 kW,
~0.75 kW and ~1.84 kW respectively. This represents a
significant increase in the peak electricity demand that can
easily trigger upgrades for building-level meters, cables, and
additional upgrades upstream including transformers.

(4) What is the increase in the net electric peak demand?
Our analysis of peak demand from heat pumps paints an
optimistic picture — for all COP models, the peak demand
is 11KW for the high demand homes, which is very close
to the existing peak demand. A small solar PV system can
completely eliminate this added demand, but only with the
addition of storage as heating demand peaks often occur at
night. However, if we are to just eliminate the short-term

impact on the grid, we can use solar and storage to remove
the increase of the peak in the net demand, i.e., the original
demand plus heat pump demand. To facilitate sizing for such a
scenario, we also look at the increase in the net-peak demand.
Figure 2c shows the net-peak demand. We observe that the net
increase in the peak electric demand is much smaller than the
peak heating demand and thus would require much smaller
solar PV and storage.

Key takeaways. For all COP models, the heat pump demand
can significantly increase the annual electric demand, by up
to 15%. The peak electric demand of heat pumps can be as
high as 33% of existing peak, but it only increases the net
peak demand by less than 5% due to statistical multiplexing.

IV. DEEP DECARBONIZATION

In this section, we present an analysis of using solar pho-
tovoltaic (PV) systems and storage for deep decarbonization.
In doing so, we answer the following questions.

1) What are the different solar and storage sizing strategies
to deeply decarbonize electric heat pumps?

2) What is the relationship between the cost of various sizing
strategies and the carbon emission reductions?

We use a two step approach towards sizing; we first size the
solar panel based on various sizing strategies and then size an
appropriate battery storage based on one of the solar sizes. We
present the solar panel and battery sizings by home size, where
“small” homes are within the 25th percentile of home sizes,
“medium” homes are between the 25th and 75th percentiles,
and “large” homes are at the 75th percentile or larger.

A. Solar PV Sizing

Ideally, the power generation from solar panels should
completely offset the additional electricity demand at each
time instance of the year. However, since there is significant
heating demand at night, even a solar panel of infinite size
cannot meet the nighttime heating demand. Thus, we aim to
produce as much solar power as possible given that no power
can be generated during the night.

One approach to sizing solar PV systems could aim to
offset the annual additional demand (Annual Solar Sizing). In
this case, the power generation from solar panels will offset
an electric heat pump’s demand over one year time period.
However, since solar power generation in the winter is often
less than the rest of the year, the power demand in winter
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may still be unfulfilled. In an effort to approach instantaneous
matching of demand, we also size the solar panels based on
the total winter heating demand (Winter Solar Sizing), which
is the total heating demand for the entire winter season. In
both methods, we generate a solar power generation trace for
a 1kW array for a typical year using a publicly available solar
modeling toolkit, such as Solar-TK [21]. We then scale the
solar panel trace such that the energy generation from solar
power matches the electricity demand of heating.

Figure 3 shows the solar PV size for small, medium, and

large homes based on the annual heating demand and winter
heating demand for all COP models. We observe that only a
small solar panels of less than 1kW are needed to offset the
heating demand on an annual basis for all COP models, while
a larger solar panel of up to 0.6KW-2.5kW is needed to match
demand during the winter season.
Key takeaway: With the Annual Solar Sizing strategy, a solar
panel of just 0.7kW is needed to offset the heating demand
on annual basis for the largest home using the least efficient
heat pump. However, with the Winter Solar Sizing strategy, the
solar panel size increases by 4x for the largest home using
the least efficient heat pump.

B. Battery Storage Sizing

The battery storage is deployed to store the solar energy
during the day and use it to fulfill heating load at night. The
heating load, and the storage needed, differs across nights and
owners may decide to operate their deployed solar plus storage
in unique ways. In this section, we present three potential
strategies of using solar plus storage that influence the size
of battery storage. To keep this analysis contained, we use
a single solar panel size that is based on the Winter Solar
Sizing policy mentioned previously and present our results
for different strategies for all COP models in Figure 4.

(1) Satisfying average night heating demand (Average Night
Battery Sizing). In this strategy, the policy is to satisfy the
average nighttime heating demand during winter. Since there
is no solar generation at night, the heating demand needs
to be met from battery storage. To size battery storage, we
compute the average nighttime electric demand of heat pumps.
We use this value as the size of the battery. The battery size
required varies widely across COP models, with battery sizes
ranging 0.45kWh-1.9kWh for small size homes throughout

and 1.44kWh - 2.9kWh for large-sized homes. We note that
this size will work on an average night, but may not work on
all nights that have higher heating demand.

(2) Satisfying worst night heating demand (Worst Night
Battery Sizing). In this strategy, the policy is to satisfy the
nighttime heating demand of the worst night of the winter
— the night with the highest heating demand. Instead of
getting the average heating demand, we pick the maximum
heating load to determine the size of the battery. This results
in a battery size ranging from 0.9kWh-3.9kWh for small
homes and 1.4kWh to 5.8kWh for large homes. This size is
significantly higher than the Average Night Battery Sizing by
a factor of 2x to 3x. However, this size will ensure that all
the heating demand during all the nights is fulfilled with the
battery. The benefits of a larger battery may be marginal since
the nights with very high demand may be few in the winter.

(3) Storing peak excess solar energy (Excess Solar Battery
Sizing). The previous sizing strategies assume that solar panels
can produce enough energy to meet the average and worst
night electric heating demand. However, if we keep the size of
the solar panel fixed, we can only save excess energy that is left
after meeting the heating load during the day. To analyze this
scenario, we compute the daily excess solar energy. We use
the peak daily excess energy as the size for the battery. This
strategy provides a size that is lower than both the Average
Night Battery Sizing and Worst Night Battery Sizing. This
means that our solar panel size may not be enough to meet
the worst case nightly demand or average nightly demand.
Key takeaway: Under a realistic efficiency scenario, battery
size ranges from 1.7kWh to 2.1kWh for small and large homes
respectively when sized under the Excess Solar Battery Sizing
policy. However, the battery size under the Average Night
Battery Sizing policy is just 10% higher. This means that a
solar panel sized based on the Winter Solar Sizing policy,
along with a battery based on the Average Night Sizing policy
could fulfill the heating demand entirely.

C. Cost and Emissions Analysis.

We look at the cost and the carbon reductions under different
sizing strategies. The final cost of installation for solar panels
and storage depends on the incentives offered by utilities, state
governments, and the federal government. We use the cost of
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solar panels and battery storage after federal and state tax
credits for the state of Massachusetts in the northeast United
States, where the costs of solar PV and battery storage are
$2002 per kW [22] and $1047 per kWh [23] respectively. We
also report the carbon reduction under each solar plus storage
combination. The annual net carbon emissions are zero since
solar power produces equal or more energy. However, we use
a stringent definition where we count emissions when either
solar or battery cannot meet the heating demand, compared to
emissions when heat pumps are grid-powered.

To explore the carbon emission reductions of various sizing
strategies and COP models, we conducted a simulation to
calculate the total electricity that would be drawn from the
grid given our sizing strategies. We used a battery model with
capacities shown in Figure 4 and Winter Solar Sizings shown
in Figure 3. We found that under all sizing strategies and
COP models, electricity drawn from the grid was minimal. In
the worst case, the average home drew ~8KWh from the grid
during the year. This is less than 0.8% of the annual additional
demand from the heat pump, as shown in Figure 5.

Table I presents the cost of solar panels, cost of different
battery sizing options using the C'OPicp,, model, and the
carbon emissions under each configuration. All battery sizes

TABLE I
Cost and emissions of solar PV and solar PV + battery sizing strategies.

Emission

H Sizing Strategy ‘
Reduction (%)

Small ‘ Medium ‘ Large

il

|

Annual Solar $1116 $1350 $1616 $1360 58%
Winter Solar) $3467 $4252 $5144 $4288 84.5%
Avg. Night Battery) $2079 $2504 $3005 $2529 96.7%
Worst Night Battery $4059 $4950 $6117 | $5042 98.5%
Excess Solar Battery $1651 $2004 $ 2551 $2069 97%

use Winter Solar Sizes. The most cost-effective option is
storage-less Annual Solar or Winter Solar sized panels, both
give us 58% reductions in carbon emissions. As we use Winter
Solar Sizing and Average Night Battery Sizing, the energy
from the grid accounts for just 3.29% of the total heating
demand. However, any further increase in the storage size
provides marginal reduction in emissions. As we quantify the
gains using emissions reduced per dollar spent, an effort to
reduce the total carbon footprint by using a bigger solar panel
and a battery becomes very expensive.

Key takeaways. The deep decarbonization of electric heat
pumps on an annual basis can be achieved in a cost-effective
manner using solar panels without storage. It also provides
58% reductions in emissions on hourly basis. The remaining
40.5% of possible reductions in emissions require storage and
can cost an additional 3.7x to completely decarbonize.

V. RELATED WORK

There has been significant recent work on decarbonizing
residential heating using air-source heat pumps [6], [7], [10]-
[13]. However, this work focuses on transitioning heating to
grid power, which does not completely eliminate the carbon
emissions of heating. Another body of work investigates the
feasibility of solar-air-source heat pumps [24]-[26], a config-
uration that may not be feasible for all buildings. There is also
related work on evaluating the feasibility of solar PV and heat
pumps in Austria [27]. However, this study focuses only on
a small set of multi-family houses and ignores the potential
of storage to deeply decarbonize the electric heating demand.
Our work instead focuses on a large number of different types
of homes, analyzes the impact of their transition to heat pumps
on the electric grid, and considers both solar and storage.

VI. CONCLUSIONS

In this paper, we investigate the problem of sizing solar
panels and storage to completely offset the added electricity
demand of electric heat pumps, with the aim of providing low-
cost solutions for deep decarbonization of residential homes.
Our analysis shows that our solutions are low-cost and highly
effective at reducing carbon emissions, with a minimum of a
58% reduction in carbon emissions per home. We also found
that while it is possible to completely eliminate the carbon
emissions of electric heating in homes, the cost of doing so
drastically increases, and the marginal decrease in emissions
may not be worth the price under all scenarios.
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